Leaky modes supported by a grounded wiremedium slab are studied here in detail for the first time. Such leaky modes are responsible for highly-directive radiation when the structure is excited by a dipole source. The analysis is carried out by means of a rigorous full-wave numerical approach based on the method-of-moments and also by using an approximate homogenized model. The use of a homogenized model that properly accounts for anisotropy and spatial dispersion leads to a remarkable and surprising result: the wavenumber of the leaky mode is independent of the azimuth angle of propagation on the surface. This result, which has not previously been observed in any other leaky-wave structure, allows for the creation of narrow conical beams that are azimuthally symmetric, as well as symmetric broadside beams. This conclusion is confirmed by the full-wave method-of-moments analysis.
I. INTRODUCTION AND BACKGROUND
Among the variety of artificial media belonging to the class of metamaterials, the wire medium has received considerable attention, e.g., as a constituent of single-and double-negative materials with a negative effective permittivity. The simplest (1-D) realization of the wire medium consists of a periodic affangement of thin perfectly-conducting cylinders (wires), infinitely long and parallel, embedded inside a homogeneous host dielectric medium.
The ID wire medium has been known since the 1950s to be described in the long-wavelength regime by a scalar permittivity with a plasma-like dispersion behavior for waves having the electric field polarized along the axis of the wires [1] . More recently, a grounded wire-medium slab configuration as shown in Fig. 1 has been studied, in which a finite number of periodic layers of wires are placed above a perfectly-conducting ground plane (the y axis is chosen parallel to the wires and the z axis is normal to the air-slab interface). The structure is excited by a simple electric dipole source inside the wire-medium slab, oriented in the y direction. For frequencies slightly above the plasma frequency, where the relative permittivity is positive but small, it has been shown that the structure is capable of producing naffow-beam radiation patterns [2] . Depending on the frequency, the beam may be either a pencil beam at broadside, or a conical beam at a particular scan angle 60. It was shown in [2] that this directive radiation is due to the excitation of a leaky mode supported by the structure. One remarkable observation, reported here for the first time, is that the beamwidth and beam angle of the conical beam produced by this structure is always independent of the azimuth angle (the angle 0 in spherical coordinates) for any scan angle 00, a feature that has not previously been observed with any other two-dimensional leaky-wave antenna. At first glance this result seems quite counter-intuitive, since the wire medium structure is certainly highly anisotropic. However, a careful analysis of the homogenized structure (discussed in the next section) reveals that the dominant leaky mode that is supported by the grounded wire-medium slab has a complex wavenumber that is independent of the azimuth angle. This feature of the wave propagation is itself quite remarkable, since the wires are oriented in a fixed direction (the axes are parallel to the y direction), and hence a wave propagating outward in a radial direction from the dipole source certainly sees a different orientation of the wires relative to the angle of propagation as b changes.
Interestingly, if the wire medium is replaced by an isotropic dielectric-layered medium (e.g., a dielectric-layered leakywave antenna) then two leaky modes are responsible for the radiation, with a TMZ leaky mode determining the E-plane pattern and a TBz leaky mode determining the H-plane pattern.
The difference in the wavenumbers of the two leaky modes results in a beam that is not independent of the angle 0 for a scanned beam, and the variation of the wavenumber with angle 0 increases as the scan angle O0 increases. For the wiremedium structure, the uniaxial nature of the medium allows only a single TMY leaky mode to propagate (when the host medium is air), and remarkably, the natural spatial dispersion of the medium is such the wavenumber for this leaky mode is independent of 0 for any scan angle 60.
1-4244-0688-9/07/$20.00 C 2007 IEEE An approximate homogenized model of the wire medium is first adopted in the next section in order to explain this phenomenon, based on a previously proposed anisotropic and spatially dispersive permittivity dyadic [3] . The dispersion equation for the leaky mode is obtained by enforcing the transverse resonance equation in the appropriate transverse equivalent network (TEN) associated with the leaky mode. A full-wave method-of-moments simulation of the actual periodic grounded wire-medium slab is then presented in order to validate the results obtained with the approximate homogenized model.
II. HOMOGENIZED MODEL AND FULL-WAVE ANALYSIS A. Homogenized Model and Transverse Resonance Equation
The wire medium is anisotropic for electromagnetic waves with an arbitrary polarization, requiring the use of a uniaxial permittivity dyadic with optical axis directed parallel to the wire (y) axis when it is homogenized at wavelengths sufficiently larger than the wire spacing. Actually, as shown in [3] , not only anisotropy but also spatial dispersion needs to be included in a homogenized description of the medium, even for large wavelengths. The effective permittivity dyadic thus depends on both frequency and wavenumber and it reads
where 6rh is the relative permittivity of the host medium, ko is the free-space wavenumber, kp is the plasma wavenumber, and ky is the wavenumber along the wire axis. where 1/0 is the free-space characteristic impedance, kx = kp cos 0, and ky = kp sinp . By enforcing the continuity of the tangential components of the electric and magnetic fields at the air-slab interface, the interface is found to be represented by a four-port network (see Fig. 2 
It can be noted that no TEhTM, coupling occurs (X =0) when 6rh = 1 (wires in air) or when kx = 0 or ky = 0 (modal propagation along the principal directions 0 = 900 or 0 = 0°).
The dispersion equation is obtained by enforcing the condition of resonance for the TEN in Fig. 2 
which turns out to be independent of the propagation angle 0 (and equal to the dispersion equation for TEZ modes of an ordinary isotropic slab with kr=£rh -kp ko ). This is quite unexpected, considering the apparent directionality of the structure, but this property will be confirmed by full-wave simulations.
B. Full-Wave Moment-Method Approach A rigorous numerical analysis of the actual periodic wiremedium slab has been carried out through the method of moments (MoM) in the spatial domain for the case of wires in air ( rh =1). In this case TEY and TMY polarizations can be separately treated (only the latter is of interest, as explained above), and the periodicity of the structure allows for the consideration of one spatial period (unit cell) only. This requires the use of a periodic free-space Green's function, which has been accelerated using the Ewald method [4] .
The uniformity of the background medium, the exponential dependence of the modal field on the x and y coordinates, and the invariance of the structure along the wire axis reduces the problem to a two-dimensional one, in which the unknown is the longitudinal current on the perimeter of the wires within a unit cell. A further simplification follows by realizing that the Electric Field Integral Equation (EFIE) for wave propagation at an arbitrary angle 0 is equivalent to that at angle of 0 = 0°( propagation orthogonal to the wires, i.e., no variation of currents or fields with y) provided the free-space wavenumber ko is replaced by the scaled wavenumber ko = k -k , with propagation along x accounted for by the phasing used in the periodic Green's function that is employed in the periodic MoM. Having thus reduced the problem to a two-dimensional one in the xz plane, the cross section of each circular cylinder in this plane has been approximated with a regular M-edge polygon (M = 16 in all the simulations), and the relevant EFIE has been discretized adopting piecewise-constant subsectional basis functions and a Galerkin testing procedure. The complex wavenumber of each leaky mode supported by the grounded wire-medium slab has then been determined by searching for the zeros of the determinant of the coefficient matrix of the linear system resulting from the discretization process. Because the period is usually much smaller than a wavelength, the leaky mode has a fundamental Floquet wave that is improper (exponentially increasing in the vertical z direction), while all other Floquet waves are proper (exponentially decreasing in the z direction), and the periodic Green's function is calculated accordingly.
III. NUMERICAL RESULTS
In this Section we illustrate the numerical results for the propagation wavenumber of the dominant leaky mode obtained with both the approximate (homogenized) and the rigorous (MoM) models described in the previous section. In particular, a grounded wire-medium slab with wire radius a = 0.5 mm, wire spacing in both the x and z directions of d = 20 mm, and N = 6 layers of cylinders has been considered, with the ground plane at a distance equal to d / 2 from the center of the cylinders in the bottom layer. The plasma wavenumber kp in the homogenized model is calculated as [5] (6)
whereas an equivalent slab thickness h = Nd is adopted, in order to approximately take into account the presence of fringing fields above and below the top and bottom wire layers, respectively.
In order to point out the role of spatial dispersion in determining the propagation properties of the dominant leaky mode, Fig. 3 shows the phase and attenuation constants for propagation in the planes 0 = 00, 0 = 450, and 0 = 900, calculated from the homogenized model by neglecting the spatial dispersion in the permittivity dyadic of the homogenized medium (i.e., by letting ky = 0 in (1)). It can be seen that the results are strongly dependent on the propagation angle. However, the correct dispersion curves, calculated by taking into account the spatial dispersion of the homogeneous medium, are instead independent of the propagation angle 0 and coincide with the case 0 = 00 in Fig.   3 . It can be concluded that the presence of the spatial dispersion in the homogenized model is the crucial element that results in an omnidirectional modal propagation. When a dominant leaky mode is excited, such omnidirectional propagation gives rise to an omnidirectional pencil-beam radiation at broadside (recently reported in [2] ) at the frequency for which , = a, and a conical beam having an omnidirectional beam angle and beamwidth, for 8 > a.
When the host medium of the wires is different from air, i.e., £rh . 1, an angular dependence of the modal wavenumber can be expected from (4) . However, such dependence is a mild one for small or moderate values of the relative permittivity of the host medium. This can be observed in Fig. 4 , where the normalized phase and attenuation constants are reported as a function of the propagation angle 0 for two structures with 6rh =4 and 6rh =9 at the frequencies for which 8 = a at 0 = 90°(other parameters as in Fig. 3 ).
,/3k and a/k The omnidirectionality of modal propagation when Irh =1 is confirmed by the full-wave results obtained with the moment-method analysis described in the previous section, and reported in Fig. 5 . In particular, the 0 = 0°, 0 = 450, and 0 = 90°cases have been considered again, and it can be seen that the phase and the attenuation constants of the dominant leaky mode for the different angles of propagation are almost superimposed over the frequency range shown.
The dispersion curve obtained with the homogenized model is also reported in Fig. 5 . A frequency shift can be observed with respect to the full-wave results, which could in part be due to the choice of the slab thickness h [6] . 
IV. CONCLUSION
A study of leaky-mode propagation on a grounded wiremedium slab has been presented. The analysis has been carried out first by means of an approximate homogenized model, which takes into account both anisotropy and spatial dispersion, and then by means of a rigorous moment-method solution. The homogenized model predicts the interesting feature of omnidirectional modal propagation when the host medium of the wires is air; i.e., the wavenumber of the leaky mode is independent of the azimuthal propagation angle, in spite of the apparent directionality of the structure. This leads to an interesting application, namely the creation of azimuthally-symmetric radiation patterns.
